Minute virus of mice (MVM) enters the host cell via receptor-mediated endocytosis. Although endosomal processing is required, its role remains uncertain. In particular, the effect of low endosomal pH on capsid configuration and nuclear delivery of the viral genome is unclear. We have followed the progression and structural transitions of DNA full-virus capsids (FC) and empty capsids (EC) containing the VP1 and VP2 structural proteins and of VP2-only virus-like particles (VLP) during the endosomal trafficking. Three capsid rearrangements were detected in FC: externalization of the VP1 N-terminal sequence (N-VP1), cleavage of the exposed VP2 N-terminal sequence (N-VP2), and uncoating of the full-length genome. All three capsid modifications occurred simultaneously, starting as early as 30 min after internalization, and all of them were blocked by raising the endosomal pH. In particles lacking viral single-stranded DNA (EC and VLP), the N-VP2 was not exposed and thus it was not cleaved. However, the EC did externalize N-VP1 with kinetics similar to those of FC. The bulk of all the incoming particles (FC, EC, and VLP) accumulated in lysosomes without signs of lysosomal membrane destabilization. Inside lysosomes, capsid degradation was not detected, although the uncoated DNA of FC was slowly degraded. Interestingly, at any time postinfection, the amount of structural proteins of the incoming virions accumulating in the nuclear fraction was negligible. These results indicate that during the early endosomal trafficking, the MVM particles are structurally modified by low-pH-dependent mechanisms. Regardless of the structural transitions and protein composition, the majority of the entering viral particles and genomes end in lysosomes, limiting the efficiency of MVM nuclear translocation.
Entry of viruses into host cells starts by binding to cell surface receptors, followed by penetration across the cellular membrane. Although cell entry of enveloped viruses is well characterized, the mechanisms of viral entry and nuclear targeting of nonenveloped viruses are still poorly understood. For many viruses, cell entry and uncoating are mediated by either receptor (pH independent), low pH, or both (19, 30, 31, 34, 39) . The endocytic route has two main advantages for karyophilic viruses: one is the efficient and rapid transport toward the perinuclear area, and another is the exposure to a low pH, which can trigger conformational changes required for penetration, uncoating, and nuclear translocation.
In recent years, cell entry and nuclear targeting have gained great attention for parvoviruses, a group of small, nonenveloped viruses (8) . Minute virus of mice (MVM) belongs to the Parvovirus genus. Its Tϭ1 icosahedral capsid consists of two structural proteins, VP1 (82 kDa) and VP2 (63 kDa). A third protein, VP3, is produced after intracellular proteolytic cleavage, which removes approximately 25 amino acids from the N terminus of VP2 (47, 48, 53) . VP1 and VP2 are identical in sequence except for the 143 amino acid residues at the N terminus of the VP1.
Although parvoviruses use different cellular receptors for attachment to the host cell, they are all internalized via receptor-mediated endocytosis and exposed to a low-pH environment. The endosomal acidification is known to be essential for the infection of parvoviruses (2, 3, 12, 16, 33, 36, 49) ; however, its specific role has not yet been elucidated. The site of endosomal release of the virus into the cytosol is also not well defined and may be influenced by the cell type. Adeno-associated viruses (AAVs) have been reported to escape from early endosomes and reach the nuclei within 40 min to 2 h (2, 54). Escape of AAV from late endocytic compartments has also been described (12, 16) . AAV type 2 (AAV2) and AAV5 have also been detected in the trans-Golgi network (1, 32) . Recently, it has been shown that the nuclear translocation of AAV particles was slower and more inefficient than previously described and that the majority of capsids accumulate in the perinuclear region (25) . The endocytic traffic of canine parvovirus (CPV) and MVM seems to be slower than that of AAV. MVM requires reaching at least the late endosomal compartment, and replication in the nuclei was detected only after 8 h postinfection (p.i.) (36) . CPV was found to accumulate in perinuclear vesicles resembling lysosomes (45) , and like MVM, nuclear translocation was slow (52) .
It is becoming increasingly evident that endosomal processing of incoming parvovirus particles is required and closely linked to the efficiency of nuclear translocation. When directly injected into the cytosol to circumvent the endocytic route, AAV2 failed to accumulate in the nuclei (10) . CPV pretreated at low pH and injected into the cytosol was also unable to initiate progeny virus production (49) . Despite these results, experimental data showing early conformational changes of parvovirus particles during the endocytic pathway are very limited.
With the exception of B19 (38) , the unique N-terminal sequence (N-VP1) is internal in the parvovirus capsid and becomes exposed during the entry process (35, 46) . N-VP1 can also be exposed by heat or urea (4, 7, 21, 50) . The unique region of VP1 plays a central role in parvovirus biology. It harbors nuclear localization signals (NLSs) required for nuclear transport (51) that are essential for the incoming virion to initiate infection (22, 50) and the phospholipase A2 (PLA 2 ) motif, an activity that was not known to exist in viruses and that might be responsible for endosomal escape (5, 11, 15, 56) . Although N-VP1 externalization outside the viral coat is required prior to nuclear penetration of the genome, a role of endosomal acidification in this externalization process has not been found. Treatment of cells with lysosomotropic drugs did not prevent the externalization of CPV N-VP1, and heat-induced exposure of N-VP1 prior to virus inoculation did not improve the infection in the presence of acidification-blocking drugs, suggesting that there might be some other low-pHdependent factors which are required for the infection (46) .
Another capsid modification that has been observed during the entry process of CPV and MVM is the cleavage of N-VP2 to form VP3 (47, 48, 53) . The N-VP2 has been found to function as a nuclear export signal for the maturing virions with encapsidated genome (28) . However, so far, the intracellular site, the mechanism, and the role of the VP2 cleavage during the entry process have not been elucidated.
The purpose of the present study was to examine the capsid structural rearrangements occurring during the endosomal processing of MVM. Several minutes after infection, when the virus was located within endosomal vesicles, three major capsid rearrangements were already evident: N-VP1 externalization, N-VP2 cleavage, and the exposure of the full-length genome. In addition to their simultaneous appearance, all three changes were similarly impaired by raising the endosomal pH. Interestingly, regardless of these structural changes, the bulk of the incoming MVM capsid was retained within lysosomes. Thus, the inefficient escape from the endosomal compartment represents the major barrier for the cellular invasion of the incoming MVM virion.
MATERIALS AND METHODS

Cells and viruses.
Mouse A9 fibroblasts were propagated in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heat-inactivated fetal calf serum. Stocks of MVM without detectable levels of VP3 were prepared by infection of A9 cells. When the cytopathic effect was becoming evident, the supernatant was collected and cleared by low-speed centrifugation, thus discarding the intracellular virions rich in VP3. Titers were determined by quantitative PCR as DNA-containing particles per microliter. Gradient-purified MVM fullvirus (FC) and empty (EC) capsids were prepared as previously described (22) . VP2-only virus-like particles (VLP) were produced and purified from Sf9 insect cells with a baculovirus system, as previously described (18) .
Radiolabeling and purification of MVM particles. The method employed was basically as previously described (27) . In brief, cells were infected with MVM and labeled from 4 to 48 h postinfection in methionine-free DMEM supplemented with 200 Ci/ml of [ 35 S]methionine (Amersham Biosciences, Buckinghamshire, United Kingdom). At the end of the labeling periods, cells were harvested into the medium supplemented with protease inhibitors and 0.2% sodium dodecyl sulfate (SDS). Cell debris was removed by low-speed centrifugation, and homogenates were centrifuged for 5 h and 30 min at 217,000 ϫ g through 2 volumes of a 20% sucrose cushion. The resuspended pellets were adjusted to a density of 1.38 g/ml in CsCl by refractometry and centrifuged to equilibrium for 24 h at 170,000 ϫ g. The label distribution was determined by scintillation counting, and fractions containing labeled particles with a density corresponding to empty MVM capsids (1.32 g/ml) and DNA full virions (1.39 to 1.41 g/ml) were pooled and extensively dialyzed against phosphate-buffered saline.
Antibodies. Rabbit anti-VPs (polyclonal against MVM structural proteins), rabbit anti-N-VP2 (polyclonal against the N terminus of VP2), and mouse anticapsid (monoclonal against intact capsids; clone B7) antibodies have been described elsewhere (23, 24, 28) . A rabbit polyclonal antibody against the N terminus of VP1 was kindly provided by P. Tattersall (7) . Rabbit anti-actin antibody (sc-10731), goat anti-mouse fluorescein isothiocyanate (FITC) (sc-2010), goat anti-mouse rhodamine (sc-2092), goat anti-rabbit FITC (sc-2012), and goat antirabbit rhodamine (sc-2091) were purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.). Goat anti-rabbit horseradish peroxidase-conjugated antibody was purchased from DakoCytomation (Glostrup, Denmark).
Chemicals. Aclarubicin, bafilomycin A 1 (BA), brefeldin A (BFA), chloroquine (CHLO), pepstatin A, N-tosyl-L-phenylalanine chloromethyl ketone (TPCK), and N␣-p-tosyl-L-lysine chloromethyl ketone (TLCK) were purchased from Sigma (St. Louis, Mo.). Aprotinin, E64, and MG132 were obtained from Calbiochem (La Jolla, Calif.). Dimethyl sulfoxide was used to dissolve MG132, pepstatin A, and TPCK. Aprotinin, chloroquine, E64, and TLCK were dissolved in water, and aclarubicin, BA, and BFA in ethanol. All drugs were stored at Ϫ20°C. Lysine-fixable dextran Texas Red (10 kDa) (Molecular Probes, Eugene, Ore.) was dissolved in DMEM and stored at 4°C.
Immunofluorescence. A9 cells (10 5 ) were seeded onto coverslips within 12-well plates. After 24 h, the cells were infected with 10,000 DNA-containing particles, per cell, corresponding to approximately 1 PFU/cell (40) , for 1 h at 4°C, subsequently washed to remove unbound virus, and incubated at 37°C. At different times, cells were washed and processed for immunofluorescence as previously described (22, 23) with secondary antibodies coupled to rhodamine or FITC. Cells were mounted with Mowiol (Calbiochem) containing 30 mg/ml of DABCO (Sigma) as an antifading agent and examined by fluorescence microscopy, and images were captured with the proper filter sets and a 100ϫ oil immersion objective.
Examination of VP2 cleavage. A9 cells (10 5 ) were infected with MVM stocks (1 PFU/cell) without detectable levels of VP3, as indicated above. At different intervals, as specified in Fig. 1 , cells were lysed in protein loading buffer and resolved by SDS-10% polyacrylamide gel electrophoresis (PAGE). After transfer to a polyvinylidene difluoride membrane, the blot was probed with a rabbit anti-VP antibody (1:2,000 dilution), followed by a horseradish peroxidase-conjugated secondary antibody (1:20,000 dilution). The viral structural proteins were visualized with a chemiluminescence system (Pierce, Rockford, IL). Additionally, the intracellular cleavage of VP2 was also examined in purified full-virus and empty capsids and by immunofluorescence.
The effect on the cleavage of endosome-and proteosome-blocking agents as well as protease inhibitors was examined. A9 cells were infected as specified above in the presence of one of the following drugs: BA (150 nM), CHLO (100
, and pepstatin A (1 M). At 0, 2, and 24 h p.i., cells were lysed in protein loading buffer and viral proteins detected as specified above.
In situ hybridization. Biotinylated probes specific for the 3Ј and 5Ј regions of the MVM genome, as well as for the 3Ј region of human parvovirus B19 (used as a negative control), were generated from PCR products by nick translation (Roche Diagnostics, Mannheim, Germany) according to the manufacturer's instructions. The PCR products for the biotinylation were obtained with the following primers: the MVM 3Ј region (5Ј-GACGCACAGAAAGAGAGTAACC AA-3Ј from nucleotides 230 to 254 and 5Ј-TGCTGGCTGGTCCATGAAAT-3Ј from nucleotides 1447 to 1467), the MVM 5Ј region (5Ј-CGCTACACATGGG ATGAAACAA-3Ј from nucleotides 3975 to 3997 and 5Ј-CAGTTGGTTCACT GAATAGACAGTAGT-3Ј from nucleotides 4912 to 4939), and the B19 3Ј region (5Ј-CCTGGACTTTCTTGCTGTT-3Ј from nucleotides 548 to 566 and 5Ј-GCCCATAAAACCACAGTGTA-3Ј from nucleotides 1581 to 1600). The sizes of the hybridization probes were 200 to 500 nucleotides in length, as confirmed by agarose gel electrophoresis.
Infected cells were fixed and immunostained with the monoclonal antibody (MAb) B7 and incubated in a humid chamber at 37°C for 18 h with a volume of 20 l hybridization mix (5 ng/l biotinylated probe in 60% deionized formamide, 300 mM NaCl, 20 mM sodium citrate, 10 mM EDTA, 25 mM NaH 2 PO 4 [pH 7.4], 5% dextran sulfate, 250 ng/l sheared salmon sperm DNA). Subsequently, the slides were washed (50% deionized formamide, 25 mM NaCl, 2.5 mM sodium citrate [pH 7.4]) three times for 5 min at room temperature and once at 37°C. The samples were blocked for 30 min with 1% blocking solution (Roche) in 150 mM NaCl-100 mM Tris-HCl, pH 7.4. Biotin was detected with avidin-rhodamine (Roche) at 1:500 in blocking solution for 45 min. Finally, the cells were washed three times for 10 min (200 mM Tris-HCl [pH 7.4], 1.5 M NaCl, 0.05% Tween 20), mounted with Mowiol, and examined by fluorescence microscopy.
Cytoplasmic and nuclear distribution of radiolabeled virus particles. A9 cells (10 5 ) were infected with radiolabeled full-virus capsids (1 PFU/cell). After 1 h (background control for viral nuclear accumulation) and 18 h, nuclei and cytoplasm were separated by using the Nuclear/Cytosol fractionation kit from BioVision (Mountain View, Calif.) according to the manufacturer's instructions. The purity of the fractions was verified by the detection of ␤-actin protein as a cytoplasmic marker. Nuclear integrity was examined with a hemocytometer chamber. The proteins present in the nuclear and cytoplasmic fractions (nucleus/ cytoplasm ratio, 1:1) were separated by SDS-PAGE. The gel was fixed in isopropanol-water-acetic acid (25:65:10) for 30 min, soaked with Amplify fluorographic reagent (Amersham) for 30 min, dried under a vacuum, and exposed to an autoradiography film.
The infectivity of the radiolabeled full-virus capsids was determined in parallel analyses by scraping the A9 cells at, 8, 18 , and 24 h p.i. The total DNA was extracted from the cell pellet by using the DNeasy tissue kit (QIAGEN, Valencia, Calif.), and virus DNA was quantified by real-time PCR, as specified below.
Real-time PCR. Quantitative PCR was used to detect and quantify viral DNA. Primers for MVM DNA amplification were as follows: forward (5Ј-GACGCAC AGAAAGAGAGTAACCAA-3Ј from nucleotides 231 to 254) and reverse (5Ј-CCAACCATCTGCTCCAGTAAACAT-3Ј from nucleotides 709 to 732). Amplification and real-time detection of PCR products was performed by using the FastStart DNA SYBR Green kit (Roche) following the manufacturer's instructions. As external standards, the PCR products generated by the above primers were cloned into the pGEM-T vector (Promega, Madison, Wis.) and used in 10-fold dilutions.
Evaluation of the lysosomal membrane integrity. The integrity of the lysosomal membranes of A9 cells inoculated with FC, EC, and VLP was examined with the fluid-phase late endocytic marker dextran Texas Red (Molecular Probes). A9 cells (10 5 ) grown on coverslips were infected with 1 PFU/cell of FC or with comparable amounts (as assessed by Western blotting) of EC and VLP for 1 h at 4°C. Subsequently, the cells were washed to remove unbound viral particles and incubated at 37°C in the presence of dextrans of 10 kDa (dissolved in DMEM to a concentration of 2.5 mg/ml). After 15 min, the cells were intensively washed with phosphate-buffered saline and further incubated at 37°C. After various times postinfection, the cells were fixed and the viral intact capsids were immunostained with MAb B7 as specified above.
RESULTS
Kinetics of the intracellular cleavage of VP2. A variable but high proportion of the N termini of the capsid protein VP2 of full MVM particles is exposed on the surface, but it is sequestered in empty MVM capsids (7). VP3 is generated by the proteolytic cleavage of approximately 25 amino acids of the VP2 N terminus of DNA full-virus capsids (6, 47) . The kinetics of the cleavage was investigated using Western blot analysis and immunofluorescence microscopy with an antibody raised against the N terminus of VP2 (27) . Binding of the virus with its receptor did not trigger the cleavage, which started only a few minutes after internalization and was complete by 2 h (Fig.  1A ). Since this experiment was performed with a nonpurified MVM preparation, which contains similar amounts of both full-virus and empty capsids, the cleavage occurred in only half of the particles. Correspondingly, Western blot analysis of purified FC and EC at 2 h postinfection showed that only FC are cleaved (Fig. 1B) . The same cleavage kinetics were observed by immunofluorescence using antibodies against intact virus capsids (MAb B7) and against the N terminus of VP2. Both antibodies colocalized during the first minutes postinfection. However, the signal from the N-VP2 antibody progressively decreased with the increasing postinternalization times and by 2 h, was no longer detected (Fig. 1C) . Since the occurrence of the cleavage coincides with the early endosomal trafficking of MVM, these results demonstrated that the cleavage of VP2 to VP3 is performed within the endosomal vesicles. The fact that the N-VP2 of EC is detected by Western blotting (Fig. 1A and 1B) but not by immunofluorescence (Fig. 1C , from 2 h p.i.) indicated that it remains inside the capsid during the intracellular trafficking. Similar to EC, the N-VP2 of VLP was not cleaved or detected by immunofluorescence, suggesting that it also remained in the interior of the capsid (data not shown).
Endosomal exposure of the N-VP1 sequence in FC and EC particles. The N-terminal sequence of the capsid protein VP1 harbors the NLS and PLA 2 motifs, which were shown to be essential for virus infection (5, 11, 15, 22, 50, 56) . The N-VP1 of MVM is initially buried inside the virion (7), and thus, it should be externalized outside the coat to mediate both phospholipase and nuclear targeting functions. The N-VP1 externalization kinetics was examined by immunofluorescence in order to define the timing and the cellular compartment where it occurs. Following receptor binding and 10 min postinternalization, the N-VP1 of FC was still buried inside the virion. However, as early as 30 min postinternalization, it became exposed and colocalized with intact virus capsids ( Fig. 2A) . This observation confirmed that the externalization occurs in early endocytic vesicles. Similar to full-virus capsids, EC also exposed the N-VP1 (Fig. 2B) and with similar kinetics (data not shown), while N-VP1 was not detected in cells inoculated with VLP (data not shown). This observation indicates that, at least for EC, neither the viral DNA nor the cleavage of N-VP2 has influence on N-VP1 externalization in intact particles. Early endosomal processing of MVM capsids leads to the externalization of full-length viral DNA. For many viruses, the process of uncoating commences early after infection triggered by cellular factors, including receptor binding and low endosomal pH (44) . We have examined by in situ hybridization whether the single-stranded DNA (ssDNA) of MVM becomes accessible during the endosomal progression of the virus. MVM-specific probes covering the 3Ј and 5Ј regions of the viral genome were applied (Fig. 3A) . After receptor binding and the first minutes postinfection, the viral DNA was still packed inside the FC and not accessible to the probes. However, and coinciding in postinfection time with the N-VP2 cleavage and the N-VP1 externalization, the genome of the incoming particles became exposed in its full length (Fig. 3B) . The signals generated by the 3Ј and 5Ј probes were similar in intensity and kinetics. Up to 8 h p.i., the signal colocalized with assembled viral capsids (MAb B7) in the cytoplasm. However, at 21 h p.i., when the replication plateau has been achieved, the incoming particles were still detected in the perinuclear lysosomal vesicles, but the viral DNA was detected exclusively in the nuclei, corresponding to de novo virus DNA synthesis. No signal was detected in cells when using a probe derived from parvovirus B19 sequences or when inoculating cells with MVM empty capsids (Fig. 3C) .
The loss of perinuclear viral DNA signal was further investigated in infected nonproliferating cells. As shown in Fig. 3D , the perinuclear viral DNA signal could be stabilized by cell starvation. This result may suggest that DNase II, a lysosomal enzyme whose activity peaks during the S phase and is low in quiescent cells (43) , could be involved in the degradation of the exposed viral DNA within lysosomal vesicles.
VP2 cleavage, N-VP1 externalization, and uncoating can be blocked by raising the endosomal pH. The three capsid structural rearrangements, N-VP2 cleavage, N-VP1 externalization, and viral DNA uncoating, start within the first minutes postinfection. At this time, MVM is located within the acidified endosomal vesicles (36) . Since the endosomal acidification is required for MVM infection (36) , it was therefore of interest to investigate whether the low endosomal pH is involved in the viral capsid rearrangements. Infection of A9 cells with MVM was carried out in the presence or absence of chloroquine, a drug that raises the endosomal pH, and the structural modifications of the capsids were examined by 6 h p.i. While in control untreated cells, the capsid modifications had been accomplished, none of which were detected in treated cells (Fig.  4) .
The effect of drugs that block different intracellular pathways on the VP2 cleavage was further examined. As shown in Fig. 5A , only drugs disturbing the endosomal pH had an effect. Brefeldin A, a drug that blocks the early-to-late endosome transitions, had no effect, suggesting that the VP2 cleavage must be performed in early endosomes. This result is in agreement with the fast kinetics of the cleavage (Fig. 1) . Additionally, the protease involved in the cleavage was investigated. Infection of A9 cells with MVM in the presence of different protease inhibitors showed that only the chymotryptic inhibitor TPCK was able to disturb the cleavage (Fig. 5B) and block the infection. However, it should be mentioned that TPCK also blocks the chymotryptic activity of the proteasome, which has been previously shown to be required for MVM infection (36) . Furthermore, as demonstrated in reference 35 and shown in Fig. 5A , the proteasome is not involved in the cleavage of VP2, as other drugs blocking the proteasome do not block the cleavage. However, the TPCK block of the MVM infection may occur at several levels, for example, as an inhibition of the proteasome unrelated to the VP2 cleavage or of the cleavage itself prior proteasome requirement.
The bulk of incoming FC, EC, and VLP are retained within the lysosomal compartment without signs of lysosomal membrane destabilization. The accumulation of FC, EC, and VLP in the lysosomal compartment was confirmed by the colocalization of incoming particles with coendocytosed dextrans (Fig.  6A) . At 18 h p.i., when the replication plateau was achieved, the majority of viral FC still colocalized with dextrans of 10 kDa (Fig. 6A) . Since EC and VLP cannot produce progeny virions, we could study their endosomal trafficking for longer periods of time after internalization. At up to 50 h p.i., both EC and VLP could still be detected as intact (MAb B7 staining) and colocalizing with dextrans. The bulk of the FC remained intact inside the lysosomal compartment having had both N-VP1 externalized and N-VP2 cleaved (Fig. 6B) . Despite the external disposition of the N-VP1 (with its PLA 2 motif), the coendocytosed dextrans of 10 kDa were not released and remained inside the lysosomal vesicles colocalizing with the assembled virions (Fig. 6A) . These results indicated that the endosomal escape is the major limiting factor for the subsequent MVM intracellular traffic.
Nuclear targeting by MVM is very inefficient. Parvovirus replication takes place in the nuclei, but the nature of the infectious entity penetrating into the nuclei remains unknown. The NLS motif present in the N-VP1 is essential for CPV infection (50) as well as for the entering MVM virion to initiate infection (22) . These data imply that the parvoviral genome must be translocated into the nucleus or docked to the nuclear pore in association with at least some VP1 subunits, and some experimental data may suggest that this association involves the capsid itself (2, 41, 42, 54) . In order to address whether the viral DNA enters the nuclei naked or associated with viral proteins, the accumulation of incoming FC proteins in the nuclei was examined. A9 cells were infected with radiolabeled MVM virions, and the presence of radiolabeled viral proteins in the nuclear and cytoplasmic fractions was determined at 1 h p.i. (background control for the nuclear viral proteins) and 18 h p.i., when the replication plateau was achieved (Fig. 7B) . As shown in Fig. 7A , there was no detectable increase of viral proteins over the background level (1 h p.i.) in the nuclear fraction at 18 h p.i., as well as no decrease in the level of viral proteins accumulated in the cytoplasmic fraction. This result implies that the infectious entity penetrating into the nuclei consists of free viral DNA devoid of structural proteins or of a very limited level of a viral nucleoprotein complex. 
DISCUSSION
Parvoviruses enter the host cell via receptor-mediated endocytosis, though the endosomal trafficking seems to vary slightly depending on the parvovirus and host cell. A common aspect is that the endosomal processing of the incoming viral particles is crucial for the infection, influencing the efficiency of the nuclear translocation. When parvovirus particles are injected directly into the cytosol to circumvent the endocytic route, they fail to accumulate in the nuclei (10, 49) . Despite the evidence that native parvovirus particles require a maturation step through the endosomal pathway, experimental data showing conformational changes of the particles during the endocytic route are very limited. In the present study, we aimed at identifying the structural changes associated with traffic through the endosomal network of MVM. Three different viral particles were used: FC, containing the viral DNA; EC, devoid of DNA; and VLP, devoid of both VP1 and DNA. These three types of viral particles bind and compete for the same primary receptor in MVM-permissive A9 mouse fibroblasts (40) .
Conformational transitions of MVM capsids along endosomal trafficking. Originally inside the capsid (except for B19) (38) , the unique N-VP1 of parvovirus becomes exposed in vivo during the entry process (35, 50) or in vitro by heat or urea (4, 7, 21, 50) . Although it has not been directly shown to occur within the endosomal compartments, the externalization of N-VP1 from CPV occurs in the cytoplasm as early as 2 h postinfection (46) . Different from MVM, treatment of cells with bafilomycin, which raises the endosomal pH, did not prevent the externalization of CPV N-VP1, and heat-induced ex- ternalization of N-VP1 prior to infection did not improve the infection in the presence of acidification-blocking drugs, suggesting that there might be some yet-unidentified low-pH-dependent factors, which are required for the infection (46) . Thirty minutes after internalization, FC and EC externalized the N terminus of VP1, which remained stable and colocalizing with intact particles in the cytoplasm for long periods of time ( Fig. 2 and 6B ). The fact that EC were able to expose the N-VP1 indicates that encapsidation of the viral DNA, which determines the externalization of an important proportion of the N-VP2 during virus maturation in the nuclei (7), does not play a role in the extrusion of the N-VP1 at the low endosomal pH. Noteworthy previous studies have shown that a significant proportion of the N-VP2 from EC and VLP can be externalized by moderate heating and be cleaved by trypsin digestion (18) , but N-VP1 is apparently not exposed in EC or is resistant to cleavage (see below). However, in the intracellular traffic, the EC and VLP did not expose N-VP2, whereas EC did expose N-VP1 sequences ( Fig. 1 and 2 ). These results indicate that the heat treatment in vitro may not strictly reproduce the low-pH-induced structural changes of the MVM capsid occurring in vivo.
Two other additional capsid rearrangements were observed in only FC, namely, the externalization of the full-length viral genome and the cleavage of the N terminus of VP2. It is intriguing that N-VP1 is exposed in FC and EC in the same endosomal compartment as the N-VP2 in FC; however, it is not cleaved. A possible explanation for the lack of intracellular N-VP1 cleavage and by trypsin in vitro in heated EC (18) may be the different pattern of phosphorylation between both polypeptides assembled in MVM capsids (27) , which may rend the cleavage sites within the VP1-specific sequence refractory to proteases. An alternative explanation could also be that the externalized N-VP1 recognized by the polyclonal antibody represents only a short amino acid sequence of the N terminus, not including accessible trypsin cleavage sites.
The capsid structural rearrangements observed in this work for the three types of MVM particles along the endosomal trafficking are summarized in Fig. 8 . All three structural changes occurred simultaneously within the first hour postinternalization, and all of them were similarly impaired by drugs raising the endosomal pH, confirming their occurrence within the endosome through a low-pH-dependent mechanism. The simultaneous externalization of N-VP1 and the viral DNA from intact capsids have been previously shown to occur in vitro (4, 7) , suggesting that the conformational change leading to N-VP1 externalization would also lead to DNA externalization. Sustaining this notion is our observation in vivo that N-VP1 and the viral DNA are externalized simultaneously and both depend on the low pH (Fig. 2 to 4) . In vitro studies showed that upon brief heating of the capsid of MVM, the viral DNA is externalized in its full length without capsid disassembly and that the externalization is facilitated in parvovirus B19 capsids, which have N-VP1 already exposed (37) . Finally, the endosomal progression of VLP was similar to that of FC and EC, indicating that VP1 and the viral DNA have no influence on the traffic of the capsid through the endosomal network.
MVM capsid stability and lysosomal accumulation. The observed conformational transitions do not affect the capsid integrity, which remains essentially intact. The incoming capsids were followed by immunofluorescence with the MAb B7, previously described to react against a conformational epitope on the MVM capsid (23, 24) . As shown in Fig. 6 , antibody B7 reacted with cytoplasmic FC at 18 h p.i. The detected cytoplasmic full-virus capsids are the incoming and not de novo particles, since they colocalized with dextrans of 10 kDa, a lysosomal marker. Given that EC and VLP are not infectious, we could follow their capsid integrity and intracellular progression for longer periods of time. As shown in Fig. 6 , EC and VLP were still intact at least up to 50 h p.i. and colocalizing with the lysosomal marker.
The accumulation and persistence of the incoming particles within lysosomes did not result in the degradation of the highly resistant capsid. However, the exposed viral DNA of FC was no longer detected in lysosomes (Fig. 3B, 21 h p.i.) . Apart from the site of intracellular and extracellular protein degradation (9, 13, 29) , the lysosome also degrades foreign DNA through the activity of the lysosomal endonuclease DNase II (14) . Accordingly, the loss of the cytoplasmic DNA signal was most probably due to the degradation of the exposed unprotected ssDNA by the ubiquitous lysosomal enzyme DNase II. The optimal pH of DNase II is 5.0; however, its activity can be detected over a significant pH range (26) . DNase II is active mainly against double-stranded DNA, although less effectively, it also degrades ssDNA (55) . It has been previously observed that a significant amount of incoming AAV ssDNA is degraded during the first 48 h postinfection. This degradation was attributed to the activity of intracellular nucleases (17) . In relation to the cell cycle, DNase II is most active during the S phase and its activity drops in quiescent cells (43) . Interestingly, reduction of the lysosomal DNase II activity by cell starvation also reduced the degradation of the viral DNA (Fig. 3D) . This result supports the notion that a large proportion of the incoming MVM genomes are degraded inside the lysosomes.
The persistence of MVM particles within lysosomes seems to be due to the inability of the virions to permeabilize the lysosomal membrane by the PLA 2 activity of the exposed N-VP1. As shown in Fig. 6A , FC, EC, and VLP were unable to release coendocytosed dextrans of 10 kDa. Similar results were The amounts and ratio of the represented viral proteins do not correspond to the amounts and ratio in the natural capsid. p, phosphorylated; np, nonphosphorylated. The symbols are the same as those used in reference 28. obtained in cells infected with CPV (46) . It has been previously shown in vitro that the activity of parvovirus PLA 2 is optimal at pH 6 to 7 and decreases at pH 5 (5). Accordingly, the highly acidic environment of the lysosomes would not represent the best conditions for the function of PLA 2 . All these observations open two main interpretations. One is that only a minor subset of lysosomes is disrupted/permeabilized by the PLA 2 activity of the incoming MVM; the other is that few viruses escape from a prelysosomal vesicle without membrane disruption. Supporting the latter hypothesis is the fact that the N-VP1 externalization, which is required for endosomal escape, occurs only a few minutes after internalization. Therefore, the viral PLA 2 is set before the incoming virions reach the lysosomes. Considering that blocking the transition between early and late endosomes also blocks the infection (36) , it is likely that few incoming virions enter the cytosol through an intermediate prelysosomal vesicle, notably, late endosomes.
Endosomal escape as the major limiting factor of MVM nuclear translocation. The amount of virus particles able to penetrate into the cytosol seems very restricted, as shown by the massive accumulation and retention of the incoming particles in the lysosomal compartment. In agreement with the inefficient endosomal escape, the infection of cells with radiolabeled full-virus capsids showed no detectable accumulation of incoming viral proteins in the nuclei, and the amount of cytoplasmic virus remained unchanged before and after the viral replication reached a plateau (Fig. 7) . The results obtained with EC and VLP are particularly interesting. EC are structurally similar to FC, and N-VP1 (with its PLA 2 motif) is similarly exposed on the capsid surface (Fig. 2B) . VLP do not contain VP1; thus, without PLA 2 , they should not be able to escape from endosomes. EC and VLP are not infectious (empty particles), and therefore, their cytoplasmic trafficking can be studied for long periods of time without the interference of the viral progeny. Despite the fact that EC have N-VP1 and that it becomes exposed, both EC and VLP accumulated similarly in lysosomes for very long periods of time after infection and were similarly unable to release dextrans of 10 kDa (Fig. 6A) . These results suggest that only a few undetectable incoming viral proteins penetrate into the nuclei. One other possibility is that following the uncoating of the virus in the cytoplasm, which was actually observed in the present study, and the transport of the resulting nucleoprotein complex to the nuclear pore, the viral DNA translocates into the nuclei devoid of structural proteins. Independent of the ultimate infectious entity penetrating the nuclei, the endosomal escape of MVM is very inefficient and represents the major cellular barrier for the virus to initiate the productive infection.
Concluding remarks. In the present study, we describe novel aspects in the route of MVM infection. Our results demonstrate that the early endosomal transit of MVM leads to substantial structural rearrangements of the capsid without loss of particle integrity. The extensive accumulation of MVM particles in lysosomes indicates that, although the endosomal trafficking is required for the infection, the release from this route of infectious nucleoprotein complexes able to target the nuclei is highly inefficient. The massive viral failure during the entry process would explain the high particle-to-PFU ratio typically found in parvovirus and MVM preparations. Our results also show that the endosomal pathway is a site of MVM uncoating.
Further studies will elucidate whether the observed virus uncoating in the endosomal compartment is part of the infectious and/or degradative route.
